Abstract. Anthropogenic air pollutant emissions have been increasing rapidly in China, leading to worsening air quality. Modelers use emissions inventories to represent the temporal and spatial distribution of these emissions needed to estimate their impacts on regional and global air quality.
REAS

REAS was developed collaboratively between the National Institute for Environmental Studies and
Asia Center for Air Pollution Research, Japan (Kurokawa et al., 2013) . The inventory comprises emissions data from 30 Asian countries and regions, including China divided into 33 sub-regions (22 provinces, five autonomous regions, four municipalities, and two special administrative regions), 95 between years 2000 and 2008 at a 0.25
• longitude x 0.25 • latitude horizontal resolution. A previous version of REAS spanned a longer time period and included projections of emissions (Ohara et al., 2007) but v2.1 is based on updated activity data and parameters. The emissions sources provided are power plants, combustible and non-combustible sources in industry, on-road and off-road sources in transport, and residential and others such as agricultural activities and evaporative sources. Important 100 proxies for gridding include rural, urban, and total populations, as well as road networks. 
EDGAR
EDGAR
MEIC
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MEIC is an inventory developed at Tsinghua University, Beijing, China, and provides source sector information for the 31 Chinese sub-regions (all those included in the REAS, except the two special administrative regions: Hong Kong and Macau) for 2008 and 2010 (Li et al., 2014; Zheng et al., 2014; Liu et al., 2015) . The MEIC model has a flexible spatial and sectoral resolution and allows for gridding of the emission product into a user-specific grid including 0.25
• longitude x 120 0.25
• latitude horizontal resolution, as well as coarser grids. The emissions source sectors provided are power plants, industry, transport, residential and agricultural sources. Important proxy data for gridding of emissions includes population, roads, and power plants. 4 
ZHAO
The inventory made at Nanjing University is a national inventory that estimates source sector emis-
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sions from all the 31 Chinese sub-regions, the same as MEIC (Zhao et al., 2013b Cui et al., 2015; Xia et al., 2016) . 
GAINS
The GAINS model was developed at the International Institute for Applied Systems Analysis and estimates global emissions, including those for the 31 sub-regions in China, as in MEIC and ZHAO, as well as Hong Kong and Macau, as in REAS (Amann et al., 2008; Klimont et al., 2009) . The //www.iiasa.ac.at/web/home/research/researchPrograms/air/Global_emissions.html) (Klimont et al., 2016) . Sectoral proxies used in Representative Concentration Pathways (RCP) and Global Energy Assessment (GEA), as well as population and selected industrial plant locations are used as impor-145 tant proxies for gridding.
National and Regional Comparisons
To better understand the differences among anthropogenic emissions estimates of four air pollutant species, we first analyzed differences in national total emissions estimates between years 2000 and 2008. For each of the species, we further compared these estimates in seven different regions ( Fig. 1) 
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for four source sectors separately. In the following sections, we first describe the differences at the national level, and then at the regional level for each species. are still lower than those of REAS (Fig. 3) , even with its higher fuel use and emission factor, most likely because the modeling of superemitters has been omitted in EDGAR.
National Level Comparisons
The smallest CO source sector is power and it has the smallest difference among the inventories.
Power emissions only contribute to 1.9, 3.1, 1. between the same period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) .
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The difference for PM 10 between REAS and EDGAR is also not insignificant and ranges between 2.7-7.8 Tg yr −1 (25 and 59%) over time (Fig. 2) . Similar to CO, REAS estimates the highest and EDGAR estimates the lowest national PM 10 emissions. As shown in Fig. 3 , the major differences 6 arise mainly from the industry sector, where EDGAR emissions show significantly lower estimates compared to those of REAS and all the others. Opposite is the case for power sector emissions and
195
EDGAR emissions are double those of REAS and others. For PM 10 , EDGAR estimates lower fuel use for coal and oil in industry than REAS and higher fuel use for coal and gas in power sector than REAS (Fig. 4) . The net emission factor for PM 10 in industry is also lower for EDGAR than REAS and the opposite is the case for power (Fig. 5) . EDGAR thus estimates lower emissions for industry, while estimating higher emissions than REAS for the power sector (Fig. 3) . The large 200 difference in industrial PM 10 emissions may also be due to differences in removal efficiency of a certain technology embedded in emission calculations among inventories.
The power emissions for NO x dominate the national total for REAS, EDGAR, and Zhang et al. (2009) (Fig. 3) . 10. higher emission factors for NO x emissions from the industry sector than from power, unlike other inventories that estimate the opposite (REAS and GAINS) or fairly close to each other (EDGAR).
The differences for the other species are smaller, although it is clear that Lamarque et al. (2010) estimates much lower emissions for both NO x and SO 2 , compared to others (Fig. 2) 
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(2009), Klimont et al. (2009), and Lu et al. (2011) .
Regional Level Comparisons
When we compare emissions in the seven regions within China (East, North, Northeast, Central, Southwest, Northwest, and South, as shown in Fig. 1 ), we find larger differences than at the national 7 level for almost all species . We compare in detail the differences among emissions 230 inventories for each species per region and for each source sector below.
Carbon monoxide, CO
Atmospheric CO is mainly a result of incomplete combustion of fossil fuels and biofuels and exposure to ambient CO is harmful to human health (Aronow and Isbell, 1973; Stern et al., 1988; Allred et al., 1989; Morris et al., 1995) . CO emissions are also important precursors to the formation of 235 tropospheric O 3 , which also has harmful human health impacts, including increased asthma exacerbations, decreased pulmonary function, and increased mortality (Schwartz et al., 1994; Mudway and Kelly, 2000; Levy et al., 2005) . Because of the existence of diverse emissions sources with various emissions control technologies in China, it has been a challenge to estimate CO emissions accurately, using a bottom-up methodology with emission factors and activity levels (Streets et al., 2006) . This 240 explains why we see the largest difference in CO emissions estimates at the national level compared in Fig. 2 to all other species. ZHAO, and GAINS are higher than the estimates by the other two emissions inventories. Analysis at the source sector level reveals that the majority of the differences in CO emissions among the inventories stem from the industry sector and that they are, in many regions, increasing over time.
The second largest CO source is the residential sector and the estimates by the national inventories
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MEIC and ZHAO are always higher in all regions than the regional inventory REAS and the global inventory EDGAR estimates. GAINS estimates the residential sector to be the largest source sector and their estimates are also usually higher than REAS and EDGAR in almost all regions, except in the Southwest and the South in 2005, where the REAS and GAINS estimates are close to each other. EDGAR estimates for residential sector emissions are the lowest among the inventories ana-260 lyzed here, because it does not include provincial but rather uses the national statistics-based IEA estimates for coal use in residential sector, leading to lower activity level (Fig. 4) . On the other hand, GAINS emissions for this sector are the highest because it is unique in considering factors which are technology specific, rather than using one factor per fuel for the whole residential sector. 
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This clearly illustrates the importance of constraining emissions at the disaggregated levels.
The East, encompassing the Pearl-River-Delta and the industrial coast, is the largest source region of CO. In 2008, 32, 27 , and 26% of the national total CO emissions from REAS, EDGAR, and MEIC estimates, respectively, were emitted from this region. Similarly, ZHAO (GAINS) estimates 30% (29%) of the national total CO emissions is from the East in 2007 (2005 and deteriorating paint and stone. Furthermore, it harms aquatic and terrestrial ecosystems. SO 2 is also a precursor of sulfate aerosols that scatter radiation, leading to direct cooling of the atmosphere.
Sulfate aerosols also act as condensation nuclei, making clouds more reflective and prolonging the lifetime of clouds, enhancing the cooling impact (Haywood and Boucher, 2000; Ramanathan et al., 2001) . The large difference in SO 2 emissions from the power sector between REAS and EDGAR is due to the difference in the assumed timing of the installation of FGD in coal-fired power plants. emissions trend in Asia, and especially in China, has been an important topic, due to the rapid changes that have been observed in the past two decades (Richter et al., 2005; Gu et al., 2014) . Fig. 8 shows the seven regional NO x emissions estimated for each source sector. mates the transport sector in the East to contribute 25% of the regional total NO x emissions. In the North, South, and Northwest, the difference in the transport sector emissions among the inventories can also be as high as 450, 355, and 326 Gg yr −1 , respectively. The key reasons why the differences are large and they are growing are two-folds. First, as we explain later in Section 4, the differences in the allocation of fuel (gasoline and diesel) and the differences in vehicle categories play a role.
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Second, the pace of the implementation of measures assumed among different inventories is different.
Little to no emissions control technologies for NO x has been developed and promoted in China for the power and industrial combustion sectors and this is the main reason why we see a large increase
for NO x emissions. China only used low-NO x combustion technology and started to install selective 385 reduction methods after 2005 (Zhao et al., 2013a) . The only other NO x mitigation strategy for China was emissions standards for reducing tail pipe emissions from vehicles (Zhao et al., 2013a in industrial PM 10 emissions is due to the fast growth of industry and limited stringency of air quality legislation and its poor enforcement (Zhao et al., 2013a 
Road Transport Sector Comparison
Rapid growth in the number of vehicles has created a significant air quality challenge in China.
Many have researched the importance of on-road transport emissions on Beijing's Westerdahl et al., 2009 ) and China's air quality Walsh, 2007; Saikawa et al., 2011) .
We found significant differences in CO and NO x emissions in the transport sector and here we 425 analyze the differences for these emissions in more depth by focusing on both on-road and off-road transport emissions. Here, we first compare the contribution of different vehicle categories to the total vehicles in REAS, EDGAR, and GAINS. Then, we compare on-road and off-road emissions estimates of CO, NO x , SO 2 , and PM 10 at the national level, as well as for each region.
Comparing the contribution of various gasoline (Fig. 10a ) vehicles among the three inventories,
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EDGAR is very different from the other two. The similar comparison for diesel vehicles (Fig. 10b) reveals even a larger difference. As stated earlier for the industrial sector, it is likely that emission factors and/or the technology levels estimated within each of the vehicle types are causing the differences. EDGAR emission factors specifically for on-road vehicles is not available but comparing the net transport-sector emission factors between EDGAR and GAINS (Fig. 5) , GAINS has 5.6 times 435 higher value per unit of fuel than EDGAR. The lack of modeling superemitters in EDGAR is also contributing significantly to the differences. It is also possible that something more fundamental, such as the definition of vehicle types, is causing the differences.
In the following section, we compare national on-road and off-road transport emissions first among REAS, EDGAR, ZHAO, and GAINS, and then in the seven regions within China (East,
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North, Northeast, Central, Southwest, Northwest, and South, as shown in Fig. 1 ), for REAS, EDGAR, and ZHAO. We compare in detail the differences among emissions inventories for each species per region and for each source sector below. Fig. 11 shows the national and seven regional CO transport emissions estimated in REAS, EDGAR,
Carbon monoxide, CO
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ZHAO, and GAINS (national estimate only), separated into on-road and off-road emissions. The figure clearly shows that the difference in this sector stems from on-road emissions. 99% of the difference between REAS and EDGAR CO transport emissions are from on-road at the national level, and in the East, we see up to a difference of 99.4% at the regional level. Indeed, at the national and all regional levels, there is more than an order of magnitude of difference in emissions between
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REAS and EDGAR on-road emissions. ZHAO on-road emissions estimates are always in between REAS and EDGAR estimates and ZHAO off-road estimates are always higher than both REAS and EDGAR. The East is estimated to contribute 28-38, 6.3-6.8, and 37% of the total transport emissions in REAS, EDGAR, and ZHAO, respectively. REAS (ZHAO) emissions estimates are 5.6-7.4 (6.2) times larger than EDGAR on-road emissions, and 2.6-9.5 (6.7) times larger than off-road emissions.
Nitrogen Oxides, NO x
For NO x emissions, although on-road emissions are still larger in most of the regions, off-road emissions are also important and are mostly increasing in both REAS and EDGAR. Off-road emissions are in especially good agreement for PM 10 among the three inventories. However, they diverge quite significantly for SO 2 emissions. GAINS, in particular, has low emissions 485 estimates for off-road SO 2 emissions, although it estimates high emissions for CO and PM 10 . Based on Fig. 5 , it is most likely due to the high emission factors GAINS have for these off-road vehicles in the transport sector.
5 Impacts on air quality
Model description
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To assess how these differences in emissions inputs affect air quality simulation results, we used the istry (MOSAIC) (Zaveri et al., 2008) for aerosol chemistry. The rest of the model setup (aerosol dry deposition, wet deposition, photolysis, radiation, and microphysics) is the same as applied in our previous study .
We chose the three emissions inventories that provided gridded emissions and are targeted at dif- -Maenhout et al., 2015) . In order to focus on differences in air quality due to differing anthropogenic emissions estimates of gaseous pollutants and PM, we did not include dust simu-515 lation in this study. However, sea salt is calculated online (Gong, 2003) . Before the beginning of each monthly simulation, the model was spun-up for ten days to ventilate the regional domain. The model simulation including dust has been validated with existing measurements for the year 2007
in and here we focus on differences in air quality simulation due to differing gridded anthropogenic emissions inputs. In contrast, the mixing ratios of O 3 are relatively low over the same regions. Despite the similar spatial distributions, concentrations of the simulated monthly means differ substantially.
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For CO, both simulations using REAS and MEIC result in higher mixing ratios than when using EDGAR. We quantified the regional monthly mean of each simulation by averaging all grid cells in each region, as illustrated in Table 4 . The REAS and MEIC regional monthly means are 270 -470 ppbv (169 -194 ppbv) higher in the polluted area in the Central (the East) region, than the EDGAR simulation. For NO 2 , the largest differences in regional monthly mean occur between simulations 540 using EDGAR and MEIC emissions, mainly in the Central (8.1 ppbv), followed by the East (7.2 ppbv) and the Northeast (3.3 ppbv). These regions are where the differences in emissions are the largest as well. For SO 2 , both simulations using REAS and MEIC show differences in monthly mean less than 30% in most regions compared to those with EDGAR emissions, except in the Southwest, where REAS and MEIC estimates are 1.5 and 1.7 ppbv higher, respectively, than EDGAR estimates. (Feng et al., 2011) and this is closer to the simulated values using the MEIC (REAS) emissions inventory of 47.4 (50.6) µg m −3 , compared to the value using the EDGAR emissions inventory of 32.3 µg m −3 , although the model simulations are largely underestimated.
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For O 3 , simulations using REAS and EDGAR inputs show only a slight difference in monthly mean of 1-5 ppbv in January. However, O 3 mixing ratios using MEIC emissions are much lower than those using EDGAR emissions in the Central (31%) and the East (25%). MEIC's low anthropogenic VOC emissions in combination with high NO x emissions in these regions (see 14a) bring much higher NO x titration and produce a VOC-limited environment, as illustrated in Figure 16a . For these 560 two regions, despite the REAS and MEIC having similar NO x emissions, their VOC emissions differ by more than 10 times. EDGAR emissions are the lowest for NO x for both the Central and the East but their estimates are the largest for VOCs in the Central and the second largest in the East among the three inventories. In both cases, simulations using EDGAR inventory lead to the largest O 3 mixing ratios, due to the limited titration of NO x during the night time. The NO x mixing ratio 565 in these two regions estimated in EDGAR is much lower compared to that in REAS and MEIC, as seen in Fig. 15a . This result illustrates the importance of constraining NO x and VOC emissions in the East and Central regions in understanding the way to mitigate O 3 pollution for the future.
We also analyzed the differences of three simulations in July 2008 (Fig. 15b) . We find a difference of more than 50% for CO, NO 2 , SO 2 , and PM 10 in one or more regions. The Central and the East REAS is close to the 8-hr WHO guideline of 100µg m −3 . From Fig. 16b , it is clear that the difference of O 3 mixing ratio in these three regions is due almost solely to the VOC emissions between REAS and MEIC.
Conclusions
In this study, we compared five emissions inventories of anthropogenic CO 2 and air pollutant emis-580 sions in China at national and regional levels from four source sectors. The REAS and EDGAR inventories have been developed and maintained for years and have been extensively used for air quality modeling over the Asian continent, while the two national emissions inventories (MEIC and ZHAO) were recently developed, and few air quality modeling studies have been published using the data from these inventories at this time. GAINS has its roots in the RAINS-Asia model dating 585 back to early 90's project covering primarily SO 2 and later on developed to include more pollutants.
The GAINS dataset used here originates from a global project and has been used in several air quality and climate modeling exercises. This analysis reveals large differences in emissions estimates among the existing inventories. Furthermore, analysis of regional and sector specific emissions, as opposed to total national emissions reveals differences in emissions from certain sectors that would 590 not have been noticed by only analyzing the national total emissions.
We find that there is a significant need to better constrain emissions at the source sector and We also found that all the three inventory emissions estimates create a VOC-limited environment in the Central and the East that produces much lower O 3 mixing ratio estimates, compared to the simulations using REAS and EDGAR estimates in January. The difference in emissions inputs leads 605 to 15 ppbv difference in O 3 in Central China in January. In July, we find 8.5 ppbv difference in North, where REAS simulations lead to a monthly-mean of 63 ppbv O 3 . Our results illustrate that a better understanding of Chinese emissions at more disaggregated levels is essential for finding effective mitigation measures for reducing national and regional air pollution in China.
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Figure 10a July of the three emissions inventories.
40 Figure 15a . Mixing ratios and concentrations of five pollutants in January using three emissions inventories. 
